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Abstract 
Root ultrastructure and elemental distribu-
tions in regions 3-4 mm behind the apex were 
examined by transmission electron microscopy and 
x-ray microanalysis in Plan tago mari tima ( grown 
± 200 mM NaCl) and Plantago media (grown± 20 mM 
NaCl). In Plantago media vacuolation was incom-
plete in the cortical and xylem parenchyma 
cells. Epidermal transfer cells were observed in 
plants grown in the presence of NaCl. In 
Plantago maritima grown in the presence of NaCl, 
vacuolation was complete. In the xylem parenchy-
ma cells of Plantago maritima controls the mito-
chondria were clustered adjacent to the vessels, 
rather than evenly distributed throughout the 
cytoplasm. X-ray microanalysis of root cortical 
cells from plants grown in the presence of NaCl 
and prepared by freeze-substitution showed that 
whereas the cytoplasm in the majority of cells 
in Plantago maritima contained relatively
3
high 
concentrations of_3oth Na (mean 81 mol m-) and 
K (mean 107 mol m ), that of Plantago media 
contained negligible Na and 3 much lower concen-tration of K (mean 29 mol m- ). Na was not accu-
mulated in the vacuoles in either Plantago media 
or Plantago maritima. The ultrastructural and x-
ray microanalytical observations are consistent 
with the hypotheses that differences in salinity 
tolerance between these species arise from both 
differences in the efficiency of ion transport 
to the shoot and in the compartmentation of ions 
in the root cortical cells. 
KEY WORDS: Plantago maritima, Plantago media, 
root ultrastructure, salinity, x-ray micro-
analysis. 
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Study of the effects of salinity on plant 
cell ultrastructure and the distributions of 
ions within root cells can yield information on 
both the mechanisms by which some plants sur-
vive saline growth conditions, and the reasons 
why others do not. In particular, information 
can be obtained on the degree of ion compart-
mentation under saline conditions and its sig-
nificance in determining the overall tolerance 
of the plant to salinity and in the regulation 
of ion transport to the shoot. 
Several reports have examined the effects 
of salinity on the roots of salt sensitive spe-
cies. A number of changes, including swelling 
of the dictyosomes and of the luoen of the en-
doplasmic reticulum, as well as increases in 
the amount of rough endoplasmic reticulum and 
in the numbers of ribosomes and mitochondria, 
have been observed in Zea mays, Triticum 
aestivum, Vicia faba, Pisum sativum, and 
Hordeum vul are root cells on exposure to NaCl 
Hecht-Buchholz and farschner 1970, Hecht-
Buchholz et al. 1971, John and Lauchli 1980, 
Lauchli et al. 1974, Onal and Hecht-Buchholz 
1978, Poljakoff-Mayber 1975, Werker et al. 
1983). X-ray microanalysis has shown that xylem 
parenchyma cells modified as transfer cells may 
be involved in the reabsorption of Na+ in ex-
change for K+ from the xylem vessels in root 
regions proximal to the stem (Kramer 1983, 
Kramer et al. 1977). However, this modification 
is not always present when such exchange is be-
lieved to occur (Zea mays - Yeo et al. 1977). 
When the halophyte Suaeda maritima was 
grown in the presence of c!! 170 mN NaCl, vacuo-
lation of the epidermal and cortical cells be-
gan closer to the root apex than in the con-
trols, and the Casparian strip developed much 
closer to the apex and was about twice as long 
(Hajibagheri et al. 1985). The dimensions of 
both stele and cortex were greater in the salt-
grown plants than in the controls: this was due 
to in~reased cell size rather than cell number 
(Hajibagheri et al. 1985). 
However, there have been only a few re-
ports comparing the effects of salinity on spe-
cies differing in salinity tolerance which be-
long to the same genus, and which are therefore 
probably genetically closely related. Smith et 
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al. (1982) found that mitochondria in the root 
tips of a salt sensitive ecotype of Agrostis 
stolonifera were damaged by growth in the pres-
ence of 100 mM NaCl, while those in the salt 
tolerant ecotype were not. An increase in the 
size of the dictyosomes was also observed in 
the salt tolerant ecotype. Walker et al. (1984) 
did not find mitochondrial damage when compar-
ing the effects of 100 mM NaCl on the salt sen-
sitive Citrus medica and the more tolerant 
Citrus ~lata var. austera hybrid? In both 
the latter species growth in saline conditions 
resulted in suberization of the hypodermis and 
endodermis occurring closer to the root tips 
than in the controls. Using x-ray microanalysis 
Hajibagheri et al. (1987) showed that growth in 
the presence of 100 mM NaCl induced a greater 
increase in cytoplasmic Na+ concentrations in 
root cortical cells of the salt sensitive Zea 
mays variety, LGll, than in those of the more 
tolerant varieties, Across 8024 and Protador. 
As part of a continuing study of the tole-
rance to salinity of Plantago species, the ef-
fects of salinity on root cell ultrastructure 
and ion distributions in the halophyte Plantago 
maritima and the salt sensitive Plantago media 
have been examined. The results have been com-
pared with previous observations on Plantago 
coronopus, which is less salt tolerant than 
Plantago maritima, but more tolerant than 
Plantago media. 
Materials and Methods 
Plant growth 
Seeds of Plantaro maritima L. collected 
from Neusiedler SeeAustria) or Plantago media 
L. collected from Groningen (Holland) were ger-
minated in sand moistened with tap water. Four-
teen days after planting the seedlings were 
transferred to aerated culture solution, pH 7.0 
(Venkat Raju et al. 1972) and grown~~ with a 
day length of 15 h, irradiance 35 Wm • The a-
verage day temgerature was 25°c, the night tem-
perature 12-15 C, and the relative humidity ap-
proximately 65-75%. Plants were grown in the 
absence or presence of NaCl: salinization was 
commenced 35 dafter planting. For Plantago 
media HaCl was added at the rate of 10 mM per d 
until a final concentration of 20 mr-" was reach-
ed. For Plantago maritima salinization was com-
menced at the rate of 10 mM NaCl per d for the 
first two days and 20 mM per d thereafter until 
a final concentration of 200 mM was reached. 
Approximately 0.4 1 of culture solution, con-
taining the appropriate concentration of NaCl, 
was alloted per plant. The entire volume was 
replaced daily or on alternate days as neces-
sary. Plants were used when 10 weeks old. 
Transmission electron microscopy 
Root segments from 3-4 mm behind the apex 
were examined for both species. The segments 
1,ere fixed for 1 h in 2% paraformaldehyde/2.5% 
glutaraldehyde in 50 mM sodium cacodylate/ace-
tate buffer pH 6.8 and rinsed in the same buf-
fer for 5xl5 min. After post-fixation for 2 h 
in 1% Oso
4
, the segments were rinsed again for 
3xl5 min in double distilled water before 
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dehydration via a graded acetone series. The 
segments were then infiltrated with Spurr' s 
(1969) hard resin, which was polymerized at 6o0 c 
(Harvey et al. 1985). Thin sections were examin-
ed before and after staining with uranyl acetate 
and lead citrate. 
X-ray microanalysis of freeze-substituted sec-
tions 
One mm long segments from up to 4 mm behind 
the apex were excised, gently blotted, and pre-
pared by freeze-substitution. The segments were 
rapidly frozen to -170°C by plunging into 8'-% me-
thylcyclohexane in 2-methylbutane cooled by li-
quid nitrogen. They were then substituted in di-
ethyl ether and infil tra t.ed with ERL 4206 and 
Pallaghy's (1973) low viscosity resin of negli-
gible Cl content (Harvey et al. 1976). One root 
was examined from each of two plants for each 
treatment. 
Analyses of both specimens and ion-crown 
polyether-epoxy resin standards of known Na and 
K concentrations (Harvey et al. 1980) were car-
ried out in Germany using a Zeiss EM lOC fitted 
with an Ortec x-ray detector or in Finland using 
a JEOL JEM 1200 EX fitted with a Tracor x-ray 
detector. Approximately 0.5 rm thick sections 
were cut dry, lightly coated with carbon, and 
placed unsupported on Ni grids. The Zeiss EN lOC 
was operated under the following conditions: 
live count time, 50 s ( dead time ~ 10-15%); 
probe diameter, 20 nm; accelerating voltage, 60 
kV; probe current, 0.4 nA. The JEOL JEM 1200 EX 
was operated under the following conditions: 
live count time, 100 s (dead time..., 28%); probe 
diameter, 300 nm; accelerati~g voltage 80 kV; 
current density, ~ 25 pAcm - ; tilt angle, 45°. 
Elemental concentrations hll the specimens were 
determined by comparison of relative peak inten-
sities, R = (peak-background)/continuum (Hall 
1971), with those from the standards. 
Results and Discussion 
In terms of overall plant size, growth of 
Plantago maritima was variable under saline con-
ditions: optimal growth for about one third of 
the plants occurred at external salinities of 
200-250 mM NaCl. Plantago media responded more 
uniformly to salinity: 20 mN NaCl was the maxi-
mum concentration at which plants survived for 
more than two weeks. Plants which were growing 
as well as, or better than, the controls were 
selected for study. In this way differences in 
the mechanisms by which the two species respon-
ded to saline conditions could be distinguished 
from one another and from the effects of growth 
reduction. 
These Plantago species have similar root 
systems based on the tap root (primary root), 
with secondary and tertiary branches. Both are 
slow growing species. Using the described fixat-
ion, it was sometimes difficult to adequately 
preserve the stelar cells in Plantago maritima. 
Sections were selected in which these cells were 
adequately preserved. 
Three to four mm behind the apex in 
Plantago maritima grown in the absence or pres-
ence of NaCl, both the epidermal cells and the 
X-ray microanalysis of Plantago roots 
Figure 1: Transmission electron micrographs of 
Plantago maritima root cells from plants grown 
in the absence of NaCl, C, cytoplasm; E, endo-
plasmic reticulum; D, dictyosome; M, mitochond-
rion; V, vacuole; W, cell wall; I, intercellular 
space. Horizontal bars= 1 pm. Figure la shows 
epidermal (ec) and cortical (cc) cells. Figures 
lb and le show xylem parenchyma cells (xp) and 
xylem vessels (xv). 
Figure 2: Transmission electron micrographs of 
Plantago media root cells from plants grown in 
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the presence of 20 mM NaCl, C, cytoplasm; E, 
endoplasmic reticulum; D, dictyosome; M, mito-
chondrion; N, nucleus; V, vacuole; W, cell wall, 
Horizontal bars= 1 µm. Figure 2a shows corti-
cal cells, Figure 2b, an epidermal transfer 
cell, and 2c, an epidermal cell. 
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cortical cells contained very little cytoplasm. 
Some of the cortical cell vacuoles contained ex-
tensive precipitates, and the intercellular spa-
ces in the cortex were very large (Fig. la). Si-
milar precipitates were also observed in epider-
mal and cortical cells of Plantago coronopus 
grown in the absence of NaCl (Harvey et al. 
1985); their significance is unclear. In control 
plants of Plantago maritima a few xylem paren-
chyma cells contained extensive amounts of cyto-
plasm at this staae, (Fig. lb). In Plantago 
coronopus gro1m in the absence or presence of 
110 mM NaCl vacuolation of the cortical and xy-
lem parenchyrna cells was complete 3 mm behind 
the root apex (Harvey et al. 1985). Three to 
four mm behind the root apex in Plantago media 
grown in the absence or presence of NaCl, the 
xylem parenchyrna cells often contained signifi-
cant amounts of cytoplasm (Fig. 2a). Hajibagheri 
et al. (1985) found that vacuolation began clo-
ser to the root apex in roots of Suaeda maritima 
grown in the presence of ~ 170 mM NaCl than in 
the controls, and pointed out that earlier com-
mencement of vacuolation is advantageous under 
saline conditions since it limits the period of 
development during which cells are particularly 
vulnerable to the build-up of high ion concen-
trations in the cytoplasm. It also provides an 
extended vacuolar storage capacity for ions in 
the roots and the capacity to respond to very 
large, short term, or rapid changes in external 
ion concentrations. Part of the salt sensitivity 
of Plantago media may be due to the com~letion 
of vacuolation further from the root ap0x than 
in either of the more tolerant species, and the 
lack of earlier completion of vacuolation under 
saline conditions. 
In Plantago rnaritima control plants the mi-
tochondria in the xylem parenchyma cells adja-
cent to the vessels were clustered around the 
cell wall next to the vessel, rather than evenly 
distributed throughout the cytoplasm (Fig. le). 
Differences in the distribution of mitochondria 
between plants grown in the absence or presence 
of NaCl were not observed in Plantago media or 
Plantago coronopus (Harvey et al. 1985). 
From electropotential measurements, de Boer 
et al. (1983) inferred the existence of two ion 
pumps in Plantago maritima and Plantago media 
roots grown under non-saline conditions: a 
"non-halophytic" pump, which would pump Na+ 
out, was postulated to exist at the epidermis/ 
cortex, ant a "halophytic" pump, which would 
promote Na transport to the xylem vessels and 
K+ reabsorption therefrom, at the xylem paren-
chyma/vessel interface. de Boer et al. (1983) 
made no measurements with Plantago coronopus 1 
but patterns of ion distributions across root 
radii observed by x-ray microanalysis are 
broadly consistent with this hypothesis (Harvey 
et al. 1985). The distribution of mitochondria 
in the xy lern pan,nc11yma cells in Plan tago 
maritima controls may be related to the provis-
ion of energy for the "halophytic" pump. This 
pump might be expected to be particularly ac-
tive in this species, which shows a greater de-
gree of active Na+ uptake than Plantago media 
or Planta o coronoous under non-saline condit-
ions Tanczos et al. 1981). 
Mitochondrial damage, such as that obser-
ved by Smith et al. (1982) in the root tips of 
the salt sensitive Agrostis stolonifera ecotype 
was not observed in any of the Plantago roots 
studied. This is in agreement with Walker et 
al. (1984), who also failed to find evidence of 
damage in either the salt sensitive Citrus 
medica or the more tolerant Citrus reticulata. 
~r, mitochondrial damage was observed in 
the proximal root regions of Zea mays grown in 
the presence of 100 mM NaCl (Yeo et al. 1977). 
The results of Smith et al. (1982) may be as-
cribed to the vulnerability of the apical root 
tissues they used to NaCl. Generally, however, 
mitochondrial damage is probably related to the 
cytoplasmic concentration of NaCl. In Plantago 
media gro~~ in the ~resence of 20 ml1 NaCl, the 
mean cytoplasmic Na concentration determined 
by x-ray microanalysis was negligible (Table 1) 
and in Flantago maritima grown in the p~esence 
of 200 mM NaCl, the mea::
3
cy toplasmic Na con-
cen tra :p-on was 81 mol m (Table 1). Cytop;!;,s-
mic Na concentrations of around 100 mol m 
have been measured in the cytoplasm of the leaf 
mesophyll cells of the halophyte Suaeda 
Table 1. Na and K concentrations within the cytoplasm and vacuoles of root cortical cells of 
Plan tago mari tima grown in the presence of 200 mM NaCl and Plan tago media grovm in the absence or 
presence of 20 mM NaCl. Results are expressed as the means and ranges (in parentheses). 
Plant growth/conditions Number of analyses Compartment Ion concentration mol m-3 
Na K 
Plantago mari tima 28 cytoplasm 81 ( 0-246) 107(6-183) 
+ 200 mM NaCl vacuole 0 7(0-19) 
Plan tas:o media 24 cytoplasr;i 0 174(66-237) 
- NaCl vacuole 0 51(26-120) 
Plantago media 15 cytoplasm 9(0-37) 29(10-48) 
+ 20 mM NaCl vacuole 1(0-14) 7(0-33) 
The concentrations expressed in mol m-3 are measured per unit of total mass of material present. 
This does not equate with concentratior:s measured per unit of water, except in the vacuolar 
analyses. 
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X-ray microanalysis of Plantago roots 
maritima and, together with ~
3
mean cytoplasmic 
K concentration of 81 mol m , would not be 
expected to be sufficient to cause significant 
damage to cytoplasmic metabolism (Harvey et al. 
1981). 
The cytoplasmic Na+ concentration is a 
fuiction of the degree of compartmentation of 
Ne , the rate of uptake, the external salinity, 
and the length of treatment (Smith et al. 
1982). The x-ray microanalysis data (Table 1) 
indicate that retention of Na+ in the root cor-
tical cell vacuoles does not occur to a signi-
ficant extent in Plantago maritima at an exter-
nal salinity of 200 mM. Together with a cyto:
3 plasmic concentration of less than 100 mol m , 
this implies efficient transport of Na+ to the 
shoot. _Erdei and Kuiper (1979) found that+when 
grown in the presence of"" 50 mM NaCl, Na ac-
cumulated mainly in the shoots of Plantago 
maritima, Plantago coronopus and Plantago 
media, that root growth was more sensitive to 
salinity than shoot growth, and that the three 
species showed comparable Na+ uptake. From this 
they assumed there was no difference between 
the salt tolerant and the salt sensitive spe-
cies in the extent to which the root cells par-
tition Na+ and Cl- between their vacuoles and 
the cytoplasm, and concluded that the main dif-
ference resided+with their differing abilities 
to transport Na to the shoots, rather than 
with the initial uptake process at the plasma-
lemma (Erdei and Kuiper 1979). 
The major ultrastructural difference bet-
ween Plantago maritima and Plantago coronopus 
was the presence, in both controls and salt 
grown plants of the latter, of membranous 
whorls which projected into the vacuoles of the 
inner cortical cells, and which appeared to be 
continuous with the endoplasmic reticulum 
(Harvey et al. 1985). Similar structures have 
also been found in the excretory cells of 
Avicennia marina, and it is considered that 
they form a mechanism for the transport of ions 
from the apoplast to the vacuole, avoiding the 
cytoplasm (Drennan and Berjak 1982). In 
Plantago coronopus they were postulated to re-
present a method of dealing with small or ini-
tial changes in ionic environment (Harvey et 
al. 1985). The absence of these structures in 
Plantago maritima, which is more salt tolerant 
than Plantago coronopus, is interesting. Even 
if ion compartmentation away from the cytoplasm 
1•1ere more efficient in Plantago mari tima than 
in Plantago coronopus, it could be argued that 
cytoplasmic metabolism in Plantago maritima 
must be generally more salt tolerant than in 
Plantago coronopus, since any of the ions accu-
mulated in the vacuoles or transported to the 
shoot must pass through the cytosol, rather 
than through the endoplasmic reticulum. There 
was no evidence of increased vesiculation in 
the cytoplasm in either species grown under sa-
line conditions, so it is unlikely that ion 
transport through the cytoplasm occurs via ve-
sicles (Cheeseman 1988). 
In Plantago media gro1m in the presence of 
20 mM NaCl, the epidermal cell walls next to 
the culture medium were thicker than in the 
controls and often had the ingrowths typical of 
531 
transfer cells (Fig. 2b). The development of e-
pidermal transfer cells in response to saline 
growth conditions is a well documented feature 
in many salt tolerant and salt Jensitive species 
(Kramer 1983), and is believed to be an indirect 
effect of iron deficiency under saline condit-
ions, rather than a direct effect of NaCl per se 
(Kramer 1983). Epidermal transfer cells were not 
observed in Plantago maritima or Plantago 
coronopus (Harvey et al. 1985), and the quest-
ions therefore arise as to the mechanism of in-
duction of transfer cells by iron deficiency and 
the reason why such induction occurs in Plantago 
media but not in the two more salt tolerant spe-
cies. 
In Plantago media the cytoplasm adjacent to 
the outer epidermal cell walls, which was often 
darkly stained, contained considerable amounts 
of endoplasmic reticulum and dictyosomes (Fig. 
2c). Small vesicles, which were sometimes coale-
scent with the vacuole, were also observed (Fig. 
2b). Increases in the numbers of dictyosomes 
may be associated with the production of wall 
materials or the transport of ions through the 
cytoplasm to the vacuoles. Due to the multipli-
city of roles ascribed to dictyosomes, it is 
difficult to interpret the changes observed here 
or in previous investigations (Poljakoff-Mayber 
et al. 1975, Smith et al. 1982). An increase in 
the amount of endoplasmic reticulum and close 
association between the endoplasmic reticulum 
and the plasmalemma was also observed in thee-
pidermal cells of Phaseolus coccineus roots 
grown in the presence of 100 mM NaCl (Kramer et 
al. 1977). In Phaseolus coccineus the endoplas-
mic reticulum was sometimes joined to the plas-
malemma by fibrillar bridges (Kramer et al. 
1977); these were not observed in Plantago 
media. However, the proximity of the endoplasmic 
reticulum to the plasmalemma and its increased 
extent and the presence of small vesicles may 
comprise an increase in the capacity to trans-
port ions to the vacuole in saline conditions. 
However, the value of these additional transport 
routes must be limited, as even at an external 
salinity of 20 ml-I, root erowth in Plan tago media 
is more affected than that in the other two spe-
cies (Erdei and Kuiper 1979). 
Dark staining of the cytoplasm is indica-
tive of dehydration (Nir et al. 1969), and may 
indicate that damage to the plasmalemma occurs 
even at an external salinity of only 20 mM. This 
is supported by the results of x-ray microanaly-
sis ('i'able 1), which show that,_ 3ompared with a mean concentration of 174 mol m ,in the con-
trols, the cytoplasm of the root cortical cells 
is depleted of K+ at an external salinity of 20 
ml/1. This is in contrast to the halophyte 
Plantago mari tima where th'.'.:
3
mean cytoplasmic K+ 
concentration is 107 mol m at an external sa-
linity of 200 mM. The ability to retain ~ cyto-
plasmic K+ concentration of~ 100 mol m- when 
gro1m in the presence of NaCl may represent an 
important difference between Plantago maritima 
and Plantago media. It is generally considered 
that maintenance of a cy!3plasmic K+ concentra-
tion of around 140 mol m is an important meta-
bolic and osmotic requirement for most higher 
plant cells (Wyn Jones et al. 1979). However in 
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+ some halophytes, w~ere Na may perform some of 
the functions of K, much lower cytoplasmic K~
3 concentrations have been measured (~ 30 mol m 
in Suaeda maritima leaf mesophyll cells - Harvey 
et al. 1981). The present results demonstrate, 
however, that a low cytoplasmic K+ concentration 
is not a universal feature of the cells of halo-
phytes. 
In both Plantago maritima and Plantago 
media there were wide variations between morpho-
logically similar cells in ion concentrations in 
both the cytoplasm and vacuoles (Table 1). These 
variations could not be correlated with either 
the spatial position of the cells in the roots 
or the particular root in which the cells were 
situated. Similar variations have been previous-
ly observed and discussed for other root tissues 
(Harvey et al. 1985) and leaf tissues (Harvey et 
al. 1981). 
In general, the differences in ultrastruc-
ture observed between Plantago media and 
Plantago maritima can be interpreted within the 
framework of the two pump model of ion transport 
(de Boer et al. 1983) and differences in the ef-
ficiency of ion transport to the shoot (Erdei 
and Kuiper 1979). However, differences in the 
ability to adequately retain K+ in the cytoplasm 
may also play an important role in determining 
the overall tolerance of the plant to salinity. 
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Discussion with Reviewers 
G,lfi. Roomans: Why was a mixture of 8% methylcy-
clohexane in 2-methylbutane selected as the 
cryogen? 
Author: This cryogen has the advantages that it 
is relatively easy to maintain in 3olid/liquid 
equilibrium at temperatures near the freezing 
point, that it is easy to manipulate for a sim-
ple plunge freezing device, and that it is less 
exc-ilosive than some other cryogens, which are 
considered to produce faster freezing rates,e.g., 
propane. In the present study it was necessary 
to freeze multicellular root specimens: the rate 
at which cells in the interiors of such speci-
mens are frozen depends on the rate of heat 
transfer through the specirr-en itself, rather 
than directly on the rate of heat transfer from 
the cryogen. It was therefore considered that 
the advantages of using 8% methylcyclohexane in 
2-methylbutane outweighed the disadvantages. 
J.N.A. Lott: Did you x-ray analyze the precipi-
tates you observed in some cortical cell vacuo-
les and if so what elements were present? 
Author: Differences were not observed in the 
ranges of elements present between those cor-
tical cell vacuoles having precipitates and 
those lacking them. 
E. Fritz: Were element cortents measured in 
cell walls? It would be interesting to learn a-
bout possible differences in ion contents of 
cell walls of the two Plan tago species .± NaCl. 
Author: I agree it uould be interesting to have 
this information; at the present time insuffi-
cient analyses of cell walls have been perform-
ed for any conclusions to be drawn. 
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E. Fritz: How was the current density of the 
electron probe measured? 
Author: The electron current flowing onto the 
fluorescent screen was measured and the result 
divided by the known area of the screen, The 
quoted value of the current density is there-
fore accurate only when the screen is complete-
ly illuminated, not when a reduced area is il-
luminated for x-ray microanalysis • 
